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Introduction
The tropical cyclone is one of nature’s destructive mesoscale 

systems, a well-organized rotating low-pressure system with 
clouds and thunderstorms over tropical waters. It consists of three 
different phases, namely genesis, intensification, and landing. In the 
Arabian Sea and the Bay of Bengal basins, about 4.8% of tropical 
vortices have sprung up [1]. Compared to the Bay of Bengal, the 
frequency ratio of tropical cyclones in the Arabian Sea is about 4:1 
[2,3]. The pre-monsoon seasons (April-June) and Post Monsoon 
(October-December) are the favorable periods for the formation of 
cyclones in the northern Indian Ocean (NIO). The Arabian Sea is 
very cold compared to the Bay of Bengal and therefore prevents the 
formation and severity of storms, but in recent years the frequency 
and severity of hurricanes have gradually increased.

 
A slight increase in the frequency and intensity of tropical cyclones 
can lead to greater damage. Therefore, in addition to the intensity, 
it is also necessary to study the trend and variability of tropical 
cyclones. Various methods have been used around the world to 
study the effects of storm activity around the world. The effects 
of storm activity are measured in the form of frequency, duration, 
maximum sustained wind intensity, cyclone ground fall, significant 
wave height concerning integrated base dimensions such as surge 
altitude, precipitation associated with the cumulative storm index 
(ACE), and critical performance index (PDI) [4].

In theory, it has been well demonstrated that sea surface 
temperature (SST), Coriolis strength, vortices in the low-level 
troposphere, relative humidity, and vertical shear of the shear wind 
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Abstract 
Recent evidence shows that the subsurface ocean structure plays an important role in modulating air-sea fluxes during the storm, which affects 

the change in intensity. We investigated the importance of surface sea temperature (SST) and the heat content of the upper ocean (UOHC) in the 
intensification of the tropical cyclone (TC). From an oceanic environmental viewpoint, a rapid deepening of TC central pressure occurs when UOHC 
is relatively high on a basin scale, while composite distributions of UOHC, vertical wind shear, lower tropospheric relative humidity, and wind speed 
occurring in cases of rapid intensification are different for each TC season. To explore the influence of UOHC on TC intensification, analyses using 
MW-IR-OISST, SLA, and Geostrophic Currents data for the cases of Cyclones namely Kyarr (2019), Sidr (2007), Ockhi (2017), Mukda (2006), Nanauk 
(2014). The increase in Ocean heat content anomaly (OHCA) led to the intensification of these five cyclones even though there are cold-core eddies 
along their tracks and also suppression of intensity is caused by a decrease in Ocean Heat Content Anomalies. These results suggest that UOHC plays 
an important role in TC intensity and its intensification. This analysis confirms that consideration of the underlying eddies in the cyclone tracks, 
UOHC variations must be considered in forecasting the cyclone intensity and its track.
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are the important factors influencing storm births. Webster et al. 
(2005) [5] studied the relationship between SST and the number, 
duration, and intensity of tropical cyclones in all basins. They 
concluded that SST is increasing in all pools with the highest rate of 
NIO. The heat content of the upper oceans also plays a decisive role 
in the formation and intensification of the storm [6]. For decades, 
the oceans have been considered a major cause of climate change 
due to their great thermal inertia [6]. They store large amounts of 
thermal solar energy in the upper layers on low time scales and 
deeper layers for long periods. The change in heat flow between the 
atmosphere and the ocean occurs from the upper layers. The vast 
majority of changes in ocean heat content over the past 50 years 
are found in the more than 700 m of the global ocean [7]. Therefore, 
monitoring the thermal structure of the upper ocean is important 
for studying storm-ocean interactions, including storm variability. 

There is a significant correlation between tropical cyclone 
formation and intensity changes with ocean heat content (OHC) [8, 
10, 11]. Many researchers have also reported seasonal TC activity 
modulations based on large-scale environmental conditions. [12].

Data and methods

Data 

Best Track TC Data: In this study, the northern Indian Ocean 
region (0°- 30°N; 45°-100°E) was considered as an area of interest. 
Cyclone information, including time (UTC), central location, 
maximum sustained wind speed (MSW), and minimum sea surface 
pressure, are retrieved from the best track data from the IMD 
and IBTrACS [13] . Five different category cyclones are consider 
studying the role of upper ocean heat content on intensity of each 
cyclone and the tracks of all cyclones are show in Figure 1.

Figure 1: The tracks of cyclone Kyarr(red), Sidr(pink), Ockhi(blue), Mukda (Black) and Nanauk (Green).

Daily Microwave and Infrared Optimum Interpolated SST 
(MW-IR-OISST) by remote sensing systems (http://www.remss.
com) with a spatial resolution of 4 km x 4 km to study the surface 
cooling contrast between cyclones. Combines the OI-SST product 
with cloud capacity [14]. The Asia Pacific Data Research Center 
daily SLA and geostrophic datasets. Positive ALS (negative) usually 
corresponds to mesoscale vertebrae with hot (cold) water in the 
central area [15].

Digital outputs of the ocean model: Daily data on sea 
temperature and Salinity of HYCOM - NCODA Global 1/12 s GOFS3.1 
41-layer analysis (GLBv0.08 expt_92.9-expt_93. (GLBa0.08_rect) 
and HYCOM - NCODA Global 1/12 (http://www.hycom.org/) 

analysis with 9.25 km spatial resolution for the study of 5 cyclones 
on NIO [16].

Methods

Cyclone Accumulated Cyclone Energy calculated by (1)

The spatial distribution of the ocean’s heat content is calculated 
based on the HYCOM output of the ocean temperature profiles T(z): 
(2)

 The density of seawater (1024 kg/m3) is located; Cp is the heat 
capacity (4186 J/kg), d1, d2 is the depth range on which the heat 
content is calculated.
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To understand the effects of OHC on cyclone intensity changes, 
we made the OHC (OHCA) change [17].

OHCA - OHC (before)-OHC (Post)  (3)

Results and Discussion

Thermal Response

Figure 2 depicts the SST changes at different stages of the 
Mukda storm. During the Mukta storm, SST dropped over 28.5 
C (20 September 2006), and the SST storm area and had a low-

SST area compared to the surroundings. SST decline eventually 
increases gradually, and on September 25, 2006, SST drops to 24 
⁰C. Maximum depreciation of SST on the right side of the Mukda 
track on 25 September 2006> 4. C. We can observe from Figure 3 
that the SST variation at different stages is a Sidr storm. During the 
Sidr storm, SST dropped to 28.5 C (11 November 2007), and the SST 
cyclone area and had a low-SST area compared to the surroundings. 
On 16 November 2007, the SST decline gradually increased and the 
SST fell to 27 ⁰C. Maximum depreciation of SST on the right side of 
the cedar track on 14 September 2006> 2. ⁰C.

Figure 2: Satellite observed evolution of SST during Mukda.

Figure 3: Satellite observed evolution of SST during Sidr.
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Figures 4-6 also illustrate the SST variations during Nanauk, 
Ockhi, and Kyarr cyclones. In Figure 4, the low-SST patch was 
gradually developed along the Nanauk track. It shows a decrease of 
approximately 25 ⁰C along the track [Figure5, 6]. Ockhi and Kyarr 
also show low-SST area along the track. On 05 December 2017. in 

Ockhi has almost> 5 ⁰C track, in the case of Kyarr, a low SST patch 
appeared along the track. SST was reduced from 29 ⁰C (25 October 
2019) to 25 ⁰C (30 October 2019). Therefore, the induced strong 
mixing effects were able to bring the cold water from depth to the 
surface.

Figure 4: Satellite observed evolution of SST during Nanauk.

Figure 5: Satellite observed evolution of SST during Ockhi.

Upper-ocean dynamics on intensification 

Figure 7-11 depict the changes in sea level anomalies (SLA) and 
geostrophic current circulation during different stages of 5 cyclones. 
Kyarr in the Arabian Sea (24 October-02 November 2019) and it 
was a superstorm in the Arabian Sea that landed on November 02, 
2019, with a maximum intensity of 134 knots. From Figure 11, it is 
clear that there are cold-core eddies on its track, but the UOHC was 

high as the storm passed. From our analysis of UOHP, high UOHP 
was observed during intensification and a sufficiently large UOHP 
was observed along the storm path. Sidr in Bob (11-16 November 
2007) and a very severe storm in Bob, which landed on November 
16, 2007, with a maximum intensity of 115 knots. From Fig. 10, it 
is clear that there are cold-core eddies on its track, but UOHC was 
high as the storm passed. From our analysis of UOHP, high UOHP 
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was observed during intensification and a sufficiently large UOHP 
was observed along the storm path. Hurricane “Ockhi” emerged in 
the southern hemisphere on November 29, 2017, and intensified 
into a full-scale cyclone, finally reaching the coast of Gujarat on 
December 6, 2017. Its severity reached a maximum of 85 knots 
(Figure 9). From the storm track, it is clear that a cold-core eddy 
is on its track, however, the UOHC is significantly higher during 
peak intensity. Mukda (21-24 September 2006) in the Arabian Sea 
and a severe storm in Bob, which landed on September 24, 2006, 
with a maximum intensity of 55 knots. From Figure 8, it is clear 

that there are cold-core eddies on its track, but UOHC is high as the 
storm passes. From our analysis of UOHP, high UOHP was observed 
during intensification and a sufficiently large UOHP was observed 
along the storm path. Nanauk (06 October 2014) in the Arabian Sea 
and it was a hurricane in Bob, which landed on September 24, 2006, 
with a maximum intensity of 55 knots. From Figure 7, it is clear 
that there are cold-core eddies on its track, but UOHC is high as the 
storm passes. From our analysis of UOHP, high UOHP was observed 
during intensification and a sufficiently large UOHP was observed 
along the storm path. 

Figure 6: Satellite observed evolution of SST during Kyarr.

Figure 7: Geostrophic currents overlaid on Sea Level Anomaly (SLA) along with tracks of Nanauk.
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Figure 9: Geostrophic currents overlaid on Sea Level Anomaly (SLA) along with tracks of Nanauk.

Figure 8: Geostrophic currents overlaid on Sea Level Anomaly (SLA) along with tracks of Mukda.

Figure 10: Geostrophic currents overlaid on Sea Level Anomaly (SLA) along with tracks of Sidr.
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For these five hurricanes (namely. Kyarr, Sidr, Ockhi, Mukda, 
and Nanauk), it was found that there was significantly more UOHC 
available for intensity, although there were no eddy and cold-
core eddy along their tracks [18]. Along the Sidr storm track, we 
observed three strong cold-core eddies and SLA - 0.1 m. Along the 
Ockhi track, we noticed that the former Cold Core Eddie plays a key 
role and the SLA then is higher - 0.13 m. We noticed that there are no 
eddies along the Nanauk storm track but there are two warm-core 
eddies on the right side of the track, and three warm-core eddies 
are displayed on the left side of the track. We noticed that there was 
a cold-core eddy along the Mukda track, and the SLA was then high 
- 0.1 m. We observed four strong CCEs along the Kyarr storm track. 
Although it passed through the CCEs, the storms intensified due to 
energy input from the upper ocean layer (0-100 m) in the form of 
ocean heat content. The role of OHC in the intensification of these 5 
cyclones were discussed below. To understand the effect of OHC on 
cyclone intensity changes, we took OHC change (OHCA) [17].

 OHCA = OHC (pre)-OHC (post)

Figures 12-16 illustrate the OHC anomaly (OHCA) of the upper 

ocean (0–100 m) during Kyarr, Sidr, Ockhi, Mukda, and Nanauk 
cyclones. Strong positive OHCA observed along with the Kyarr 
cyclone and they are gradually increasing from 24 October 2019 
to 01 November 2019 and also equated with a different stage of 
Kyarr Cyclone. We observed a very strong positive OHCA during 27 
and 28 Oct 2019 nearly 2x109 J/m2 which coincide with the rapid 
intensification of Kyarr cyclone. Like Kyarr all remaining cyclones 
are shown high OHCA along their tracks and equally correlated with 
their intensity and shape of the cyclones. positive OHCA observed 
during these all cyclones. OHCA at the intensification point of five 
super cyclones also indicated strong positive anomaly during these 
cyclones and it is varies based on the category of the cyclones also 
(Table 1). From table 1 the top layer of the ocean (0-100) shows 
strong positive OHCA observed during all of these 5 cyclones. Table 
1. Upper-ocean heat content anomaly at intensification point of 5 
different category cyclones.

Table 1 reveals that high upper OHC are associated with TC 
intensification, and CCEs or low upper OHC are observed to reduce 
their intensities. Intensification of these 5 cyclones is caused by the 
presence of high upper Ocean Heat Content.

Table 1:  Accumulated cyclone energy and ocean heat content anomaly of five cyclones.

Cyclone name Category Period Duration MSW (kt) ACE OHCA (109 J/m2)

Kylar 5 24 Oct - 02 Nov 2019 10 days 134 51.635 1.652

Sidr 4 11 Nov -15 Nov 2007 06 days 115 43.536 0.9728

Ockhi 3 29 Nov - 05 Dec 2017 07 days 100 23.939 1.535

Mukda 2 21 Sep – 24 Sep 2006 03 days 55 6.996 0.8664

Nanauk 1 06 Oct - 06 Oct 2014 01 day 55 6.883 0.7902

Figure 11: Geostrophic currents overlaid on Sea Level Anomaly (SLA) along with tracks of Kyarr.
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Figure 12: OHC difference from 0-100m depth during Nanauk with track.

Figure 13: OHC difference from 0-100m depth during Mukda with track.

Figure 14: OHC difference from 0-100m depth during Ockhi with track.
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Figure 15: OHC difference from 0-100m depth during Sidr with track.

Figure 16: OHC difference from 0-100m depth during Kyarr with track.

Conclusion
Accurate track and intensity assessment of cyclones is a problem 

that has been challenging cyclone surge and risk management 
for decades. However, there have been significant improvements 
in cyclone track forecasts recently, but the severity forecast is 
still lacking for rapid, unexpected cyclones. These unexpected 
unforeseen events are catastrophic before a landslide in the 
world’s most populous and cyclone surge areas. The presence of 
eddies on or near cyclone tracks (which can be easily deduced from 
satellite altimetric SLA data sets) can play a key role in predicting 

sudden cyclone severity changes. The combination of satellite data 
and numerical model products provides a unique opportunity 
to study the impact of Tropical Cyclones (TC) on changes in the 
upper ocean. In this paper, multi-platform datasets were used to 
research the thermodynamic and dynamics of the upper ocean to 
five different category cyclones formed in the NIO, namely Kyarr, 
Sidr, Ockhi, Mukda, and Nanauk. After crossing the 5 TCs, the SST 
decreased significantly due to strong sea intrusion and surge. The 
magnitude and extent of sea surface cooling are related not only 
to the intensity and translational speed of TC but also to the local 
ocean conditions. The upper OHC plays a vital role in modulating 
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the thermodynamics of the upper ocean. Under different oceanic 
background conditions, the upper ocean responses to TCs may be 
different, with TC-induced vertical mixing being the main factor 
influencing upper ocean conditions. Therefore, the main results of 
this study such as sea surface cooling, sea level, and geostrophic 
currents circulation and OHC.
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